An established memory can be made transiently labile if retrieved or reactivated. Over time, it becomes again resistant to disruption and this process that renders the memory stable is termed reconsolidation. The reasons why a memory becomes labile after retrieval and reconsolidates still remains debated. Here, using inhibitory avoidance learning in rats, we provide evidence that retrievals of a young memory, which are accompanied by its reconsolidation, result in memory strengthening and contribute to its overall consolidation. This function associated to reconsolidation is temporally limited. With the passage of time, the stored memory undergoes important changes, as revealed by the behavioral outcomes of its retrieval. Over time, without explicit retrievals, memory first strengthens and becomes refractory to both retrieval-dependent interference and strengthening. At later times, the same retrievals that lead to reconsolidation of a young memory extinguish an older memory. We conclude that the storage of information is very dynamic and that its temporal evolution regulates behavioral outcomes. These results are important for potential clinical applications.
Introduction
A newly formed memory is initially labile and can be disrupted by a variety of interferences, including inhibition of new protein synthesis, gene expression, and inactivation of brain regions (Davis and Squire, 1984; Dudai and Eisenberg, 2004) . Over time, memory becomes resistant to disruption through a process known as consolidation (McGaugh, 2000) . Different types of interferences suggest the existence of multiple phases, or processes, underlying the temporal evolution of consolidation. For example, for hippocampal-dependent memories, hippocampal inhibition of protein/RNA synthesis indicates that the gene expressiondependent phase of consolidation is completed within the first 1-2 d (Medina et al., 2008; Alberini, 2009) . In contrast, hippocampal lesions or inactivation result in amnesia for experiences that occurred several weeks (in animals) or years (in humans) before, whereas similar memories of older events remain intact; thus, it has been proposed that memory consolidation reflects a processing of network rearrangement throughout the brain (Frankland and Bontempi, 2005; Moscovitch et al., 2006; Squire and Bayley, 2007) .
In the last 10 years, it became clear that the protein-and RNA synthesis-dependent phase of memory consolidation is not restricted to the first day after training, but can occur again, even several days or weeks following training, if the memory is retrieved or reactivated (Nader et al., 2000; Sara, 2000a) . The reactivated, labile memory stabilizes again through a process termed reconsolidation (Nader et al., 2000; Sara, 2000a ). This postretrieval lability has been found with numerous memory tasks and in different species, although in some conditions it was not observed (Dawson and McGaugh, 1969; Tronson and Taylor, 2007 ; for review, see Alberini, 2005) . In several cases (Milekic and Alberini, 2002; Eisenberg and Dudai, 2004; Suzuki et al., 2004; Frankland et al., 2006; Bustos et al., 2009 ), but not all (Debiec et al., 2002) , memory shows an age-dependent, temporally graded resistance to post-retrieval disruption, suggesting that reconsolidation may reflect a phase of a lingering consolidation process Alberini, 2005) . Importantly, retrieval or reactivation of a reinforced associative memory generally consists of an exposure to the conditioned stimulus (CS) alone, without the reexperiencing of the reinforcing unconditioned stimulus (US), a procedure known to also induce extinction, that is a decrease in the conditioned response (Quirk and Mueller, 2008) .
Why does memory undergo retrieval-dependent reconsolidation and why is reconsolidation temporally graded? Two hypotheses had been proposed. One posits that memory reconsolidates to update or add new information to an established memory (Lewis, 1979; Sara, 2000a; Dudai, 2004) , which implies that reconsolidation can occur at any time during the life of a memory; the second proposes that memory reconsolidates to strengthen (Sara, 2000b) .
Although in some experimental conditions reconsolidation occurs in parallel with memory updating (Rodriguez-Ortiz et al., 2005 Morris et al., 2006; Hupbach et al., 2007) , a formal demonstration that reconsolidation mediates memory updating is still debated (Lee, 2009; Suarez et al., 2010) . Furthermore, although a recent study showed that undergoing a reinforced experience (retraining) makes the memory labile and leads to memory strengthening (Lee, 2008) , the function of retrievalinduced reconsolidation remains to be established. It also re-mains to be understood why the post-retrieval fragility changes with time.
In this study, using rat inhibitory avoidance (IA), we tested whether the post-retrieval memory fragility, or reconsolidation, mediates memory strengthening and its interaction with the passage of time.
Materials and Methods
Animals. Adult male Long-Evans rats weighing between 200 and 250 g were used in all experiments. Animals were housed and maintained on a 12 h on/12 h off light/dark cycle. All rats were allowed free access to food and water. The animals were handled for 5 d before behavioral procedures. All protocols complied with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Mt. Sinai School of Medicine Animal Care Committees.
Inhibitory avoidance. The IA chamber consisted of a rectangularshaped box with two compartments, a safe (lit) and a shock (dark) one, separated by a sliding door (model ENV-010MC; Med Associates). The chamber was located in a sound-attenuated, nonilluminated room. The experiments were conducted as previously described (Milekic and Alberini, 2002) . During training, each rat was placed in the safe compartment facing away from the door. After 10 s, the door opened, allowing the rat access to the shock compartment, where a brief footshock (0.6 mA, 2 s) was delivered. Latency to enter the shock compartment was taken as a measure of acquisition. The rat was then returned to its home cage and memory retention was tested at the indicated times as described in each experiment. During the retention test, the animal was placed in the safe compartment and 10 s later, the door opened. Latency to enter into the shock compartment was measured in seconds. No footshock was delivered during testing, which was terminated at 900 s. Training and testing procedures were performed blind to treatments. Memory reactivation consisted of either testing or 10 s exposures to the safe compartment, as specified in Results. In a control experiment 10 s exposures to a different context (context B) were used. Context B consisted of a square chamber (43.2 cm ϫ 43.2 cm ϫ 43.2 cm, model ENV-515 Med Associates) with one transparent and three opaque Plexiglas walls and a Plexiglas flat floor. To test whether memory impairment was due to extinction or reconsolidation, animals underwent a reminder footshock (0.6 mA) in a different context. Drug administration. Systemic injections of cycloheximide (SigmaAldrich Inc) were performed in a manner similar to those described in other studies (Milekic et al., 2006) . Rats were subcutaneously injected with either 2.2 mg of cycloheximide/kg of body weight or an equivalent volume of vehicle solution. Cycloheximide was dissolved in DMSO and finally diluted to 1% DMSO in saline. Vehicle solutions were prepared accordingly. This dose has been previously shown to disrupt memory consolidation and reconsolidation (Davis and Squire, 1984; Milekic and Alberini, 2002) .
Statistical analyses. Statistical analyses were performed using either two-way ANOVA followed by Bonferroni post hoc test, one-way ANOVA followed by Newman-Keuls post hoc test, or, for pairwise comparisons, a Student's t test.
Results

Retrieval strengthens the retention of a young memory
Previous studies have shown that IA memory of trained rats exposed to the context without shock during testing, 2 d after retrieval, becomes sensitive to disruption by several amnestic agents including protein synthesis inhibitors (Taubenfeld et al., 2001; Milekic and Alberini, 2002; Boccia et al., 2007; Taubenfeld et al., 2009) . During IA testing, the animal is placed into the lit (safe) chamber, and the latency to enter into the dark (previously paired with a footshock) chamber is recorded. Testing is terminated after the animal enters the shock compartment or at a predetermined cutoff time. Hence, at testing, some animals enter the shock chamber before the cutoff time, whereas others do not. In IA, as in other fear conditioning tasks, retrieval by repeated CS exposures evokes extinction learning, which is a decrease in the conditioned response (Quirk and Mueller, 2008) . Notably, a short or long duration of the CS exposure has been shown to preferentially lead to either reconsolidation or extinction, respectively (Pedreira and Maldonado, 2003; Suzuki et al., 2004; Power et al., 2006) . Thus, in IA, the time spent in the lit chamber as well as the reexperience of the dark chamber during a nonreinforced retrieval may preferentially drive the memory toward reconsolidation or extinction, which is in agreement with the hypothesis of trace dominance (Eisenberg et al., 2003) .
In the first sets of experiments, we tested the effect of a single reactivation consisting of either full testing (T) or a brief, 10 s exposure to the lit chamber (10 s) on memory retention. Rats that were trained at the same time and remained in the home cage served as no-reactivation (NR) controls. Rats were trained, underwent reactivation 2 d later, and were tested after 2 d. As shown in Figure 1 , A and B, the retention of rats that underwent either type of reactivation was similar to those of the respective NR groups. The retention values Ϯ SEM and number of rats per group of all experiments presented in this paper are shown in Table 1 . One-way ANOVA across groups (F (2,27) ϭ 0.6549, p ϭ 0.5275, Fig. 1 A) or Student's t test (t (12) ϭ 0.2266, p ϭ 0.8246, Fig.  1 B) revealed no significant effect of reactivation. In experiments using one T, we observed that the final retention latency varied in each animal, showing sometimes a tendency toward a decrease and at other times a tendency toward an increase in retention when compared with their latency of the reactivating test (T1) (Fig. 1 A) , although these differences were never significant. We hypothesized that, because during a full test the animal remains in the apparatus for several minutes and may eventually enter the shock chamber, some animals may extinguish and others may reconsolidate the memory, according to the hypothesis of trace dominance (Dudai, 2006) . Hence, to amplify the outcome, we investigated the effect of multiple reactivations.
Rats were trained and underwent either three reactivations by testing (3 ϫ T) or 10 s (3 ϫ 10 s) with an interreactivation interval of 2 d and, 2 d later, were finally tested (8 d after training, Fig.  1C,D) . As shown in Figure 1C , 3 ϫ T led to memory decrease. One-way ANOVA that compared the latencies across groups revealed a significant effect of reactivations (F (4,24) ϭ 6.634, p ϭ 0.0010). Newman-Keuls post hoc test showed that, at final testing, the 3 ϫ T group had a significantly lower memory retention compared with NR ( p Ͻ 0.01). To investigate whether this decreased memory was due to extinction, 24 h after the last test, the rats underwent a reminder footshock in a different context, to explore whether memory retention could be reinstated (Bouton, 1993) . As shown in Figure 1C , 24 h after the reminder, memory retention was significantly reinstated to NR control levels (Student's t test, t (10) ϭ 2.443, p ϭ 0.0347) indicating that the decreased retention resulted from 3 ϫ T reactivations was due to extinction. In contrast, trained rats that underwent 3 ϫ 10 s reactivations had a significantly increased memory retention compared with NR controls and with 3 ϫ 10 s exposures into a different context (context B, Fig. 1D ). A one-way ANOVA comparing latencies at testing revealed a significant effect of reactivations (F (2,25) ϭ 11.31, p ϭ 0.0003). A Newman-Keuls' post hoc test revealed that 3 ϫ 10 s reactivations lead to a significant increase in latency compared with either NR ( p Ͻ 0.001) or 3 ϫ 10 s exposures to a different context ( p Ͻ 0.01). Hence, whereas three reactivations by full testing lead to extinction, three reactivations by brief, 10 s exposure to the lit compartment lead to memory strengthening.
We then asked whether spacing the interreactivation interval between testing could lead to memory strengthening rather than extinction. Hence, we compared the effect of multiple retrievals by either 3 ϫ T or 3 ϫ 10 s given with an interreactivation interval of 1 week.
Rats were trained and divided into three groups. One group received 3 ϫ 10 s, the second received 3 ϫ T, and the third remained in the home cage (NR, Fig. 1 E) . Two days after the last reactivation, the animals were tested. NR rats were tested in parallel, 23 d after training. As depicted in Figure 1 E, both groups that received three reactivations had a remarkable increase in memory retention compared with the NR group. A one-way ANOVA comparing the latencies across groups showed a significant effect of reactivations (F (2,14) ϭ 6.238, p ϭ 0.0116). Newman-Keuls post hoc test revealed that the reactivations significantly enhanced memory retention compared with the NR ( p Ͻ 0.01 for 3 ϫ T and p Ͻ 0.05 for 3 ϫ 10 s).
Hence, retrievals that favor reconsolidation and limit extinction, such as short exposures to the CS or retrievals spaced by long intervals of time, leads to memory strengthening. We used the 3 ϫ 10 s paradigm to investigate the functional outcomes of memory reactivation.
A protein synthesis-dependent reconsolidation process mediates memory strengthening Previous studies showed that reconsolidation is not only dependent on the age of the memory, but also on the intensity of training and recall (Milekic and Alberini, 2002; Eisenberg et al., 2003; Suzuki et al., 2004; Bustos et al., 2009) , and suggested that a very brief reactivation may not result in memory fragility and, therefore, reconsolidation (Suzuki et al., 2004; Bustos et al., 2009 ). Thus, we tested whether the 3 ϫ 10 s reactivations, which result in significant memory strengthening, induce a protein synthesis-dependent reconsolidation process. Rats were trained and underwent either 3 ϫ 10 s reactivations with an interreactivation interval of 2 d or remained in the home cage (NR). Each group received a systemic, subcutaneous injection of either cycloheximide or vehicle solution either after each reactivation or at the paired time points in the NR groups ( Fig. 2 B) . We previously established that this subcutaneous cycloheximide injection blocks Ͼ70% of new protein synthesis 1 h after injection and 23% 6 h after injection (Milekic et al., 2006 ). All rats were tested 2 d after the last reactivation (8 d after training). Although it should be acknowledge that protein synthesis inhibitors may exert some secondary effects, the amnesia resulting from protein synthesis inhibition during the posttraining or post-retrieval phases has been established using several different inhibitors, each with different secondary effects as well as several molecular targeted approaches (Alberini, 2008) . As shown in Figure 2A , a two-way ANOVA revealed a significant effect of treatment (F (1,43) ϭ 27.69, p Ͻ 0.0001) and treatment ϫ reactivation interaction (F (1,43) ϭ 22.68, p Ͻ 0.0001). Bonferroni post hoc test showed that in agreement with our previous data shown in Figure 1 D, compared with the NR-vehicle-injected group, the 3 ϫ 10 s reactivated-vehicleinjected group had significantly higher memory retention ( p Ͻ 0.01). This retention, however, was significantly disrupted by cycloheximide ( p Ͻ 0.001). Furthermore, the 3 ϫ 10 s reactivated cycloheximide-injected group had a significantly lower retention compared with that of NR-cycloheximide-injected group ( p Ͻ 0.01), suggesting that cycloheximide disrupts memory reconsolidation evoked by the 3 reactivations. No effect of cyclohexi- Memory acquisition (Tr) and retention are expressed as mean latency Ϯ SEM (in seconds, s). Rats were trained (Tr) and either reactivated (1R) by testing (T1, A) or 10 s context exposure (B) 2 d after training, or remained in the home cage (NR). All rats were tested 4 d after training. At testing, no significant differences in latencies were found between each 1R and NR groups. C, Rats were trained and underwent reactivation by testing 3 times with an interreactivation interval of 2 d (3R). A control group was trained and remained in the home cage (NR). All animals were tested 8 d after training (final test, FT). One day later, they received a reminder footshock (S) and, were re tested 24 h later (RT). FT of rats that underwent reactivations showed a significant latency decrease compared with T1 or NR (**p Ͻ 0.01) that was reinstated by S (*p Ͻ 0.05). D, Rats were trained and, 2 d later, reactivated by three 10 s context exposures with 2 d interreactivation interval (3 ϫ 10 s); a control group was trained and received three 10 s exposures to a different context (Context B, Cnt), another control group remained in the home cage (NR). At testing (T ), the 3 ϫ 10 s group showed a significant increase in latency compared with the NR group (**p Ͻ 0.01). E, Rats were trained and reactivated, by either testing (3 ϫ T), or 3 ϫ 10 s, with an interreactivation interval of 1week, or remained in the home cage (NR). Both groups that underwent either type of reactivations showed a significant increase in latency compared with NR (*p Ͻ 0.05, **p Ͻ 0.01).
mide compared with vehicle was found in the NR group, indicating that the effect of cycloheximide is contingent upon reactivation. Together, these data indicate that memory reactivation by nonreinforced retrievals makes the memory sensitive to protein synthesis inhibitors and leads to memory strengthening. Thus, reconsolidation accompanies memory strengthening.
Reconsolidation is a phase of memory consolidation Does reactivation-induced memory strengthening also makes the memory more resistant to disruption, or, in other words, consolidated? We tested how sensitive a memory is to protein synthesis inhibitors after three reactivations. Rats were trained in IA and divided into two groups. One group remained in the home cage for 8 d (Fig. 2 B) , while the other underwent 3 ϫ 10 s reactivations spaced by 2 d (Fig. 2C) . Two days later, both groups were exposed to one 10 s reactivation and were treated with two subcutaneous injections of either cycloheximide or vehicle, one 30 min before reactivation and the second 5 h later. This protocol blocks 70% of protein synthesis for Ͼ6 h and disrupts both memory consolidation and reconsolidation (Milekic et al., 2006; Taubenfeld et al., 2009) . In these experiments, two cycloheximide injections were used to maximally disrupt protein synthesis. All rats were tested 2 d later. As shown in Figure 2 , B and C, 3 ϫ 10 s reactivations made the memory resistant to disruption. Two-way ANOVA comparing the effect of treatment (cycloheximide) and reactivations (shown in Fig. 2B,C) revealed an effect of treatment (F (1,34) ϭ 4.304, p ϭ 0.0457), reactivations (F (1,34) ϭ 8.937, p ϭ 0.0052), and a treatment ϫ reactivations interaction (F (1,34) ϭ 10.77, p ϭ 0.0024). Bonferroni post hoc test showed that, compared with vehicle, cycloheximide disrupt a nonreactivated memory when given with testing 8 d after training ( p Ͻ 0.001), but has no effect if during these 8 d the memory has been reactivated three times. Hence, reactivating the memory makes the memory resistant to disruption. As in the group that stayed in the home cage for 8 d without reactivation, cycloheximide disrupted memory retention 2 d later (T1); 24 h later, we administered a reminder shock and tested the retention a day later (T2) (Fig. 2 B) . A two-way ANOVA that compared the effect of treatment (cycloheximide/ vehicle) and test (T1 and T2) across groups revealed a significant treatment effect (F (1,34) ϭ 28.76, p Ͻ 0.0001), no test effect (F (1,34) ϭ 3.589, p ϭ 0.0667) and no interaction (F (1,34) ϭ 0.7312, p ϭ 0.3985). Bonferroni post hoc test showed that, compared with vehicle, cycloheximide significantly and persistently disrupted memory retention ( p Ͻ 0.01). To test whether the memory loss in the cycloheximide-injected rats could be due to facilitated extinction, we determined whether memory could be reinstated by a reminder shock in a different context (Bouton, 1993) . The following day, both vehicle-and cycloheximide-injected rats underwent this protocol and memory was re tested the next day. Memory retention was not reinstated ( p Ͻ 0.001), indicating ؎ SEM at training (Tr), testings (T) ͓test 1 (T1), test 2 (T2), final test (FT)͔, reinstatement test (RT), and number of animals (N) that the latency loss is likely not due to extinction but rather reconsolidation disruption. The cycloheximide-dependent disruption seen in the home cage group was contingent upon reactivation, rats were trained and received double injection of either cycloheximide or vehicle in the absence of reactivation and were tested 2 d later.
As shown in Figure 2D , no effect of treatment was found (Student's t test t (12) ϭ 0.2407, p ϭ 0.8139). In contrast, a StudentЈs t test that compared the retentions of cycloheximide-or vehicle-injected rats that underwent 3 ϫ 10 s reactivations (Fig. 2C ) revealed no effect (t (17) ϭ 0.9715, p ϭ 0.3449). Together, these data indicate that retrievals, which induce reconsolidation and memory strengthening, also make the memory resistant to disruption, therefore more consolidated.
The reconsolidation-dependent memory strengthening is temporally limited. The passage of time, like retrievals, leads to memory strengthening Several laboratories, including ours, previously showed that the passage of time, as well as training intensity and reactivation duration, plays an important role in regulating reconsolidation (Milekic and Alberini, 2002; Eisenberg et al., 2003; Eisenberg and Dudai, 2004; Suzuki et al., 2004; Frankland et al., 2006; Bustos et al., 2009) . Whereas 2-and 7-d-old IA memories are sensitive to disruption following retrieval, 2-and 4-week-old memories are resistant, indicating that the passage of time renders memories increasingly resistant to post-retrieval disruption (Milekic and Alberini, 2002 ). Here we asked two questions: does time change the ability of the memory to undergo reconsolidation and, if this is the case, does this prevent reactivation-dependent memory strengthening?
To address these questions, rats were trained in IA, and 2 weeks after training, underwent either 3 ϫ 10 s reactivations spaced by 2 d, or remained in the home cage (NR). Memory was tested 20 d after training. As shown in Figure 2 E, a Student's t test that compared the latencies between groups showed no significant effect of reactivation (t (14) ϭ 0.1534, p ϭ 0.8803). Notably, the retention levels of both groups were higher compared with those of rats that remained in the home cage and were tested 8 d after training (Fig. 1 D) . Thus, with the passage of time, memory becomes stronger even in the absence of explicit retrievals. Furthermore, after the temporal-induced strengthening, memory is not further enhanced by multiple reactivations. Despite the fact that there was no reactivation-induced memory enhancement, we tested whether reactivations given 2 weeks after training render the memory sensitive to inhibition of protein synthesis. Rats underwent the same protocol and, immediately after each reac- Figure 2 . Recent but not remote memories are strengthen by reconsolidation and are susceptible to be disrupted by protein synthesis inhibitors (PSI). A, Experimental timelines are shown above each experiment. Memory acquisition (Tr) and retention are expressed as mean latency Ϯ SEM (in seconds, s). Rats were trained and underwent either 3 ϫ 10 s reactivations starting 2 d after training or remained in the home cage (NR). Both groups were injected immediately after each reactivation, or at paired time points, with either cycloheximide (Cyc) or vehicle (Veh) and tested 8 d after training (T ). At T, 3 ϫ 10 s reactivations significantly increased latency (**p Ͻ 0.01). Cycloheximide significantly disrupted this latency (***p Ͻ 0.001), which was decreased below that of cycloheximide-NR (**p Ͻ 0.01). B, Rats were trained and, 8 d after training, underwent one single 10 s reactivation and two injections (one 15 min before and one immediately after reactivation) of either cycloheximide or vehicle. At testing (T1), 2 d later, cycloheximide significantly disrupted latency compared with vehicle (**p Ͻ 0.01). Retention did not reinstated after a shock reminder (S, T2, ***p Ͻ 0.001). C, Rats followed the same protocol as in (b), but received 3 ϫ 10 s reactivations starting 2 d after training. Cycloheximide failed to affect latency at testing (T ). D, Compared with vehicle, cycloheximide, injected at matched time points as in B and C, had no effect. E, Rats that underwent either 3 ϫ 10 s reactivations 2weeks after training with an interreactivation interval of 2 d or NR had similar, strong latencies at testing, 20 d after training. F, Rats underwent the same reactivation protocol as in E and were injected with either cycloheximide or vehicle after each reactivation. At testing (T ), no difference was found between groups. tivation, they received a systemic injection of either cycloheximide or vehicle, a treatment that disrupted the memory if delivered during the first week after training (Fig. 2 A) . Rats were tested 2 d after the last reactivation (20 d after training). A Student's t test showed no effect of treatment (t (23) ϭ 0.1231, p ϭ 0.9031, Fig. 2 F) . Thus, unlike the first week after training, multiple reactivations given to a 2-week-old memory do not make the memory sensitive to disruption by protein synthesis inhibition.
We concluded that time, like multiple reactivations by retrieval during the first week, results in memory enhancement and strengthening. This memory is also insensitive to disruption by protein synthesis inhibition.
Retrieval of a young memory prevents forgetting
We then asked: do multiple reactivations given during the first week after training prevent forgetting? To address this question, rats underwent training and were divided into four groups. The first one remained in the home cage and was tested 2 d after training (NR T2d). The second remained in the home cage and was tested 20 d after training (NR T20d); the third group underwent 3 ϫ 10 s reactivations starting 2 d after training with an interreactivation interval of 2 d and was tested 55 d after training (3R T55d). The last group served as a NR control of the third group and remained in the home cage for 55 d before testing. As depicted in Figure 3 , one-way ANOVA showed a significant group effect (F (3,35) ϭ 6.629, p ϭ 0.0012,) and Neuman-Keuls post hoc test revealed that the latency of the 55-d-old memory had significantly decayed compared with that of a 20-d-old memory ( p Ͻ 0.01). This decay was completely prevented in the 3 ϫ 10 s reactivated group ( p Ͻ 0.01). Hence, reactivating the memory with retrievals during the first week after training significantly prevents forgetting.
Retrieval of an old memory leads to extinction
As there is significant forgetting over weeks of an IA memory evoked by 0.6 mA, we asked whether a weaker memory, whose retention has decayed over time, becomes again sensitive to disruption by protein synthesis inhibitors when reactivated and could be strengthened by multiple reactivations. Hence, we tested the effect of 3 ϫ 10 s reactivation of a 28-d-old memory. Rats were trained and divided into two groups. One received 3 ϫ 10 s reactivations 28 d after training with an interreactivation interval of 2 d, the other remained in the home cage (NR). All rats were tested 34 d after training (Fig. 4) . At testing, the animals that received the reactivations had a significantly lower latency than those of the NR group (Student's t test, t (14) ϭ 2.351, p ϭ 0.0339), suggesting that reactivations induced extinction. To test this hypothesis, the rats of the 3 ϫ 10 s reactivation group were exposed to a reminder shock in a different context. The reminder shock significantly reinstated memory retention (Student's t test, t (14) ϭ 2.164, p ϭ 0.0483), indicating that, indeed, reactivations led to extinction. To further confirm these results, the NR group underwent 3 ϫ 10 s reactivations every 2 d after its testing and was tested again 2 d after the last reactivation (42 d after training). Similar to the previous group, the rats extinguished the memory following the reactivations (Student's t test, t (14) ϭ 2.898, p ϭ 0.0117) and reinstated it following a reminder shock (Student's t test, t (14) ϭ 3.378, p ϭ 0.0045). Thus, the same three reactivations that strengthen and consolidate a 1-week-old memory have no effect on a 2-week-old, consolidated memory and extinguish a 1-month-old memory.
Together, the present results show that, over time, the storage of long-term memory changes, as revealed by the consequences of its retrieval. While retrieval results in reconsolidation and strengthening of a young memory, it evokes extinction in an older one. . At T1, group 2 had a significantly lower latency than group 1 (*p Ͻ 0.05). group 2 underwent a footshock reminder (S) 1 d after T1 and was tested again 1 d later (T2). At T2, latency was significantly higher compared with T1 (*p Ͻ 0.05). The group 1, after T1, underwent the same reactivation protocol as group 2 and was tested 2 d later (T2). This T2 latency was significantly lower than that of T1 (*p Ͻ 0.05). A reminder footshock (S), given 1 d later, resulted in a significant recovery of the latency at Test 3 the following day (**p Ͻ 0.01).
Discussion
In this study, we have investigated the effect of memory retrievalinduced processes and their interaction with the passage of time. We find that retrievals of a young, 1-week-old IA memory results in reconsolidation that mediates memory strengthening and prevents forgetting. This effect is, however, temporally limited. Over time, even in the absence of explicit retrievals, memory strengthens and consolidates, and a 2-week-old IA memory becomes insensitive to both the strengthening effect of retrieval and postretrieval interference. Furthermore, at later times, retrievals of an older, 4-week-old IA memory, result in extinction. We conclude that a stored long-term memory is very dynamic, and its dynamic state dictates whether retrieval leads to either reconsolidation to consolidate memories or extinction. These findings have implications for designing clinical therapies based on either extinction or reconsolidation.
Post-retrieval induced fragility correlates with memory strengthening
Our results show that multiple brief memory reactivations with a protocol that preferentially evokes reconsolidation and not extinction lead to significant memory enhancement as a result of reconsolidation. This suggests that a function of reconsolidation is to mediate memory strengthening and prevent forgetting. This conclusion is in line with evidence reporting that memory can indeed be enhanced by pharmacological treatments given in combination with its reactivation (Frenkel et al., 2005; de Oliveira et al., 2007; Tronson and Taylor, 2007, Chen et al., 2010) . In agreement with previous studies, our results show that CS exposures lead to either reconsolidation or extinction depending on the reactivation modalities, which likely occurs according to the hypothesis of trace dominance (Eisenberg et al., 2003) . In fact, whereas multiple reactivations by testing separated by 2 d led to extinction, the same number of testing separated by 1 week resulted in memory strengthening.
In addition to the hypothesis tested here that reconsolidation mediates memory strengthening (Sara, 2000b) , another nonmutually exclusive hypothesis has been proposed to explain the function of reconsolidation. It suggested that reconsolidation mediates memory updating, that is the integration of new information into the background of the past (Lewis, 1979; Sara, 2000a; Dudai, 2004) . Studies focusing on testing this hypothesis led to contrasting conclusions, which, in part, may be due to a different use of the term memory updating. In previous studies, we concluded that memory updating, consisting of making new associations with a reactivated memory, does not recruit reconsolidation but a new, independent consolidation process (Tronel et al., 2005) . Our conclusion was based on the use of a second order conditioning and selective interfering approaches that disrupted either reconsolidation or the consolidation of new traces. Others studies tested whether multiple learning trials, during a learning curve, evoke reconsolidation and use it to mediate additional learning, which they refereed to as memory updating. They found that posttrial applications of amnesic treatments disrupt memory retention only when the memory was not in an asymptotic level; however, when retention had reached an asymptotic level and no further learning or increased retention was evident, memory remained stable and resistant to disruption. Some authors showed that, if then new events are presented and associated with this stable memory, the old memory becomes labile and undergoes reconsolidation. The authors concluded that reconsolidation occurs to update the memory with the new information ). However, since both consolidation and reconsolidation are labile and sensitive to similar interferences, and these studies did not dissociate whether the updating is actually mediated by a new consolidation process that occurs simultaneously with the reconsolidation of the original trace, it still remains unclear whether reconsolidation mediates this type of memory updating.
To our knowledge, only one other study has tested whether the reconsolidation of a fear conditioning memory mediates memory strengthening by using as a reactivating event a second reinforced learning trial (Lee, 2008) . The author reported that a second learning trial strengthens a contextual fear memory. Our present results, using nonreinforced contextual reactivation, reach the same conclusion. Moreover, we show that the IA reconsolidation-dependent memory strengthening is limited to young memories. This temporal window, which, with the training conditions used here (e.g., shock intensity of 0.6 mA) lasts for Ͼ1 but Ͻ2 weeks after training, strictly overlaps with the temporal boundary of IA memory reconsolidation that we previously reported (Milekic and Alberini, 2002) . Thus, the prerogative to undergo post-retrieval reconsolidation coincides with the temporal window during which memory can be strengthened. We will refer to this temporal window as the sensitive period. We conclude that, after the initial, post-encoding fragility, which lasts for ϳ24 h, memory lies in a sensitive period for some time (in the order of weeks). During this sensitive period, the strength of the memory can be bidirectionally changed if memory is reactivated for example by retrieval: memory reconsolidates to strengthen, or it can be weakened if the process of reconsolidation is disrupted.
Reconsolidation and time contribute to memory consolidation
We found that the passage of time leads to memory strengthening and resilience to disruption even in the absence of explicit reactivations. This increased strength in the response that occurs with time, also known as incubation effect, has been reported by several previous studies to accompany fear memories and perceptual learning, as well as craving of drugs of abuse after withdrawal (McAllister and McAllister, 1967; Eysenck, 1968; Karni et al., 1994; Grimm et al., 2001; Pickens et al., 2009 ). Our results show that not only a 2-week-old IA memory is stronger than a 2-d-old memory, but that it has become resistant to post-retrieval protein synthesis inhibition and its retrieval does not further strengthen retention. Furthermore, we show that reactivations accelerate this process and, indeed, a 1-week-old memory that underwent three reactivations becomes resistant to post-retrieval interference. It is tempting here to speculate that the passage of time may account for implicit reactivations perhaps during sleep (Stickgold and Walker, 2007) or regulated by circadian rhythms (EckelMahan and Storm, 2009); however, the underlying mechanisms still remain to be established. Similarly, an intriguing hypothesis that remains to be investigated is whether the sensitive period reflects the reorganization of the memory trace; that is, memory becomes less dependent from the hippocampus while increasingly more dependent on cortical representation (Squire and Bayley, 2007) or increased distribution over brain areas (Nadel and Moscovitch, 1997) .
Our results support the idea proposed a few years ago by both Dudai and Eisenberg (2004) and Alberini (2005) that reconsolidation is an integral part of the consolidation process. In other words, reconsolidation is one contributing phase of a lingering consolidation process.
Interestingly, although they offered a different interpretation, the studies that investigated reactivations by multiple training trials in a learning curve (Rodriguez-Ortiz et al., 2005; Morris et al., 2006) reached similar outcomes; that is, when memory in a nonasymptotic level becomes labile after reactivation and strengthens through reconsolidation. We suggest that their view, that the stabilization and strengthening of a multiple trials task is mediated by reconsolidations, is highly reminiscent of the process that accompanies a single IA trial learning that, over time, develops a graded increased resistance to reconsolidation disruption. Notably, this process of increased resistance to disruption with the passage of time coincides with the definition of consolidation provided by the classical hypothesis (McGaugh, 2000; Squire, 2009) ; in other words, a process that strengthens memory and makes them resistant to disruption. However, the classical hypothesis of consolidation did not account for, nor explored, the mechanistic contributions of each trace reactivation elicited by single learning trials, or the fact that nonreinforced retrievals can produce a similar result.
The same retrievals that reconsolidate a young memory extinguish an older memory The same behavioral retrievals that strengthen a 1-week-old memory and has no effect on a 2-week-old, strong memory extinguish an older, 4-week-old memory. Hence, the stored memory is very dynamic and undergoes significant changes over time, even without explicit retrievals. It is important that further studies elucidate the mechanisms that over time lead to favor extinction. Extinction is a new learning, and, as such, it undergoes a consolidation process that is sensitive to the same amnestic interferences as the consolidation or reconsolidation of the original memory (Quirk and Mueller, 2008) . There is a great deal of interest in identifying therapeutic approaches based on either reconsolidation or extinction to weaken traumatic memories or other trauma-induced pathologies, such as posttraumatic stress disorder (Davis et al., 2006; Kindt et al., 2009; Schiller et al., 2010) . As blocking reconsolidation or extinction would result in opposite outcomes, understanding which process is evoked by retrieval is key for designing efficacious treatments. Our data also show that it is not the retention level of the memory that dictates whether CS presentation leads to either reconsolidation or extinction: in fact, the retention level of both, the 2-week-old memory undergoing reconsolidation and strengthening and the 4-week-old memory undergoing extinction were comparable.
Although further studies are needed to understand the mechanisms that accompany the evolution of memory storage, we speculate that possible contributing mechanisms are implicit trace reactivations that can occur during both the sleep or awake cycles (Karni et al., 1994; Stickgold and Walker, 2007; Karlsson and Frank, 2009) .
We propose that the storage of information is very dynamic and that its temporal evolution regulates behavioral outcomes. This knowledge is critical for potential clinical applications.
